Introduction

!
Natural orifice transluminal endoscopic surgery (NOTES) has changed the approach to the peritoneum in the past few years [1 -7] . This novel technique permits access to the peritoneal organs through the mouth, rectosigmoid or vagina, with diagnostic and therapeutic purposes. Numerous hybrid NOTES procedures (combining NOTES with laparoscopy) have been described during the past five years [8 -10] . As highlighted in the White Paper from the American Society for Gastrointestinal Endoscopy (ASGE)/Society of American Gastrointestinal and Endoscopic Surgeons (SAGES) [11] , one of the issues to be addressed before translating NOTES to human practice is providing the physician with adequate visual feedback and clear indicators of instrument location and orientation, thereby improving instrument navigation and facilitating the recognition of anatomic structures. In addition, most NOTES procedures have been performed in animal models through the anterior stomach wall but this approach does not provide efficient access to all anatomic areas of interest. Moreover, injury of the adjacent structures has been reported when using a blind access. To overcome these complexities, some authors have used endoscopic ultrasound (EUS) guidance either to identify preassessed target organs [12] or to have more secure access to the peritoneal cavity [13 -16] . However, there are no reports on the feasibility and usefulness of other image-guided systems. Over the past two decades, many investigators have sought to show image and instrument position in 3D models. Vosburgh et al. [17, 18] have Background and study aims: Most natural orifice transluminal endoscopic surgery (NOTES) procedures have been performed in animal models through the anterior stomach wall, but this approach does not provide efficient access to all anatomic areas of interest. Moreover, injury of the adjacent structures has been reported when using a blind access. The aim of the current study was to assess the utility of a CT-based (CT: computed tomography) image registered navigation system in identifying safe gastrointestinal access sites for NOTES and identifying intraperitoneal structures. Methods: A total of 30 access procedures were performed in 30 pigs: anterior gastric wall (n = 10), posterior gastric wall (n = 10), and anterior rectal wall (n = 10). Of these, 15 procedures used image registered guidance (IR-NOTES) and 15 procedures used a blind access (NOTES only). Timed abdominal exploration was performed with identification of 11 organs. The location of the endoscopic tip was tracked using an electromagnetic tracking system and was recorded for each case. Necropsy was performed immediately after the procedure. The primary outcome was the rate of complications; secondary outcome variables were number of organs identified and kinematic measurements. Results: A total of 30 animals weighting a mean (± SD) of 30.2 ± 6.8 kg were included in the study. The incision point was correctly placed in 11 out of 15 animals in each group (73.3 %). The mean peritoneoscopy time and the number of properly identified organs were equivalent in the two groups. There were eight minor complications (26.7 %), two (13.3 %) in the IR-NOTES group and six (40.0 %) in the NOTES only group (P = n. s.). Characteristics of the endoscope tip path showed a statistically significant improvement in trajectory smoothness of motion for all organs in the IR-NOTES group. Conclusion: The image registered system appears to be feasible in NOTES procedures and results from this study suggest that image registered guidance might be useful for supporting navigation with an increased smoothness of motion. explored the use of real-time systems that track instruments and display relevant data in the context of registered 3D models of the patient extracted from preoperative computed tomography (CT). This work is based on the recent development of tiny but very accurate position sensors and very fast interface and software systems that permit complex visualization with no discernible lag. These "image registered" techniques have been used to improve task performance in laparoscopy and endoscopy, and have been explored for guiding transgastric access as a first step in developing image registered NOTES techniques [19, 20] . The aims of the present study were to demonstrate the feasibility of an image registered system for guiding NOTES procedures in a porcine model, and to compare an image registered-guided approach with conventional endoscopic NOTES alone.
Materials and methods
!
Animals
Experiments were performed in 30 female Yorkshire pigs weighting 27 -35 kg. The studies were approved by the Animal Research Committee at the University of Barcelona. Animals underwent a 2-day quarantine and acclimation period during which they were individually caged, fed the same diet, and had unlimited access to water. All procedures were performed under general anesthesia using desflurane and tracheal intubation.
Study protocol
A total of 30 NOTES peritoneoscopies were performed through three different access sites: anterior gastric wall (n = 10), posterior gastric wall (n = 10), and anterior rectal wall (n = 10). The animals were divided into two groups: NOTES with image registered guidance (IR-NOTES, n = 15) and conventional NOTES without image registered guidance (NOTES, n = 15). Following the procedure, necropsy was immediately performed and incision sites and the peritoneal cavity were examined for evidence of bleeding, perforation or other complications.
The primary outcome of the study was the rate of complications; secondary outcome variables were the number of organs identified and kinematic measurements.
Image registered system
The image registered system is a real-time guidance system with one synthetic display driven by the position of the endoscope. The display shows a 3D anatomic model of the anatomy derived from a volumetric CT data set, and the tip of the tracked scope provides contextual information of its position with respect to overall anatomy. The image registered system uses established techniques for the visualization of the probe position and image registration but implements them in real time by using an electromagnetic tracker (3D Guidance trakSTAR; Ascension Technology Corp., Burlington, Vermont, USA) with a mid-range transmitter and a miniaturized sensor (2-mm outer diameter). The tracker system has been tested to meet International Electrotechnical Commission (IEC) 60601-01 standards. The electromagnetic sensor was tightly attached to the tip of the endoscope using shrink wrap. For these studies, the volumetric data were collected by using a Siemens Sensation 64 slice CT system (Siemens Medical Systems, Erlangen, Germany). A contrast-enhanced arterial phase image was acquired using a 70-mL bolus triggered at 2.5 mL/second when the density in the aorta reached 150 HU. Images were acquired using 120 kVp and 210 mAs with an image field of view of 380 mm. The images were reconstructed in a 512 × 512 matrix with a B20f reconstruction kernel and 1-mm slice thickness. The synthetic 3D models of reference anatomy were then created using a semiautomatic approach [19] using the open-source image analysis software 3D slicer (www.slicer.org). Anatomic models were made for the rib cage and spine, lungs, gallbladder, aortic trunk, celiac and superior mesenteric artery branches, kidneys, and bladder. The image registered system display was based on the display previously reported for laparoscopic and endoscopic image registered ultrasound [19, 20] Fig. 1 Construction of the 3D display from preoperative computed tomography (CT) and the integration of the tracking system components with different computational elements of the image registered-guided natural orifice transluminal endoscopic surgery (IR-NOTES) system.
and 2) was composed of two views: an external view of the anatomy and a virtual endoscopic view. The external view shows the tracked tip of the scope with respect to the displayed anatomy. The virtual endoscopic view shows the 3D anatomy from the view point of the endoscope camera as a complement to the real endoscopic view. The preoperative images were registered to the coordinate system defined by the electromagnetic transmitter using a continuous set of points acquired from the skin surface using a separate electromagnetic sensor. Those points were aligned with the model of the skin using the iterative closest point (ICP) algorithm [21] to yield a rigid body transformation.
NOTES peritoneoscopy
A standard flexible gastroduodenoscope (GIF Q140; Olympus Europe, Hamburg, Germany) was used. Reusable endoscopic tools used throughout the procedure included conventional needle-knives, Jagwire guide wires (Boston Scientific, Natick, Massachusetts, USA), and 18-mm controlled radial expansion (CRE) balloon dilators. For transgastric NOTES procedures, indentation of the gastric wall produced by palpating the ventral abdomen was used to identify the anterior and posterior wall. After the location for the incision had been chosen, a needle-knife was used to make a 5 -10-mm incision, which was then dilated with an 18-mm CRE balloon. For transrectal NOTES procedures, the colonic incision site was carefully chosen between 15 and 20 cm from the anal verge after identifying anterior positioning with external palpation. A needle-knife was used to make an 8 -10 mm linear incision and, using the needle-knife as a guide, the endoscope was advanced through the colonic wall into the peritoneal cavity. Peritoneoscopy consisted of timed abdominal exploration with identification of 11 pre-determined organs in the following order: liver, gallbladder, spleen, large intestine, small intestine, bladder, fallopian tubes, stomach, right and left kidneys, and pancreas.
The position series of the endoscopic tip was continuously recorded using the electromagnetic tracking system to perform a kinematic analysis [22] . As well as the linear metrics described in angular kinematics, measurements were also computed to characterize the motions in the angular directions (endoscope tip roll, elevation, and azimuth). Kinematic variables are described in• " Table 1 .
Statistical analysis
Categorical data were evaluated by Fisher exact test, and continuous data were compared by the Wilcoxon test. Multiple comparisons were performed with the analysis of variance and the Newman-Keuls test for continuous data and Fisher exact test for categorical data. The sample size was calculated to achieve 80 % power to detect a difference in the incidence of complications of 12 % with a significance level of 0.05. All continuous variables were expressed as the median plus range. A P value of less than 0.05 was considered statistically significant. All calculations were made using the SPSS statistical package (SPSS Inc., Chicago, Illinois, USA).
Results
!
All 30 animals provided good data for analysis. A total of 20 animals underwent transgastric peritoneoscopy (10 through anterior gastric wall access and 10 via the posterior gastric wall) and 10 underwent transcolonic peritoneoscopy. The incision point was correctly placed in the pre-assigned site in 22 (73.3 %) cases. A correctly placed incision was achieved in all of the transrectal attempts but only 12 out of the 20 (60 %) transgastric procedures (P = 0.02). The anterior transgastric access was the most difficult, with five out of 10 (50 %) being located in the posterior wall. By contrast, when the posterior wall was attempted, the incision CD reformatted in the local frame of the scope tip Scope tip model tracked by Field of view of the endo camera Fig. 2 Annotated screen capture of the image registered-guided natural orifice transluminal endoscopic surgery (IR-NOTES) that was displayed during the guided procedures. The upper left part of the screen shows a 3D display of the general anatomy and the location of scope tip with respect to the rendered organs. The upper right part of the screen shows the virtual endoscopic image that is generated from the structures extracted from preoperative computed tomography (CT). The lower part of the screens shows the CT re-formatted in the local frame with respect to the scope tip.
was correctly placed in seven out of 10 cases (70 %) (P = n. s.). The procedures are described in detail in• " Table 2 .
According to the study protocol, 15 animals underwent the IR-NOTES procedure. Details of peritoneoscopies are shown in
• " Table 3 . Table 4 ). The number of complications was lower in the IR-NOTES group (13.3 % vs. 40.0 %) but this was not statistically significant. The kinematic evaluation for IR-NOTES vs. NOTES alone showed improved smoothness of motion and velocity with a statistically significant difference (P < 0.01) between the groups when all organs were considered (• " Fig. 3 a) both for linear and angular measurements. When each organ was independently analyzed, velocity was statistically different for all the organs, whereas jerk (both angular and linear) was statistically different (P < 0.05) for liver, colon, large intestine, uterus and Fallopian tubes, and bladder (• " Fig. 3 b) .
The range of smoothness of motion was 1.63 -2.50 radians/second 3 and 98.68 -156.97 mm/second 3 for the angular and linear component, respectively. The improvement in velocity of IR-NOTES vs. NOTES was 18.4 % and 8.7 % for the linear and angular components, respectively. Meanwhile, the improvement in smoothness of motion for IR-NOTES vs. NOTES was 35.76 % and 30.04 % for the linear and angular components, respectively (• " Fig. 3 c) .
Discussion
!
Image registered techniques have been used to improve task performance in laparoscopy [23] and endoscopy [18] and have been explored for guiding transgastric access [24] as a first step in developing image registered NOTES techniques. In these studies, both timed task performance and analysis of the kinematics data on probe motion were used to quantify the benefits of image Table 2 Characteristics of natural orifice transluminal endoscopic surgery procedures performed using three different access routes. registered technology. The overall conclusion was that such augmented reality techniques as image registration significantly improve the utility of intracorporeal ultrasound; this was supported by structured survey analyses of the users, in which they reported much less frustration and need to concentrate when using the image registered-augmented systems, while also scoring much higher on the task metrics. This is the first study that has used an image registered system to guide the navigation of the endoscope inside the peritoneal cavity. The issue of endoscope orientation outside the gastrointestinal lumen once transluminal access to the peritoneal space has been created and an endoscope has been passed through was previously addressed in a study performed by Fritscher-Ravens et al. [15] . These authors explored the usefulness of EUS to guide the scope not only inside the peritoneal space but also in the mediastinum. All the complications they observed occurred in the group in which NOTES procedures were performed without guidance. They concluded that the most obvious benefit in reducing complications was in the narrow space of the mediastinum but they identified other potential utility such as access to structures difficult to reach by the direct endoscopic route (e. g. adrenal glands). Our study protocol involved only a timed peritoneoscopy. We did not perform any complex surgery and we did not try to target difficult structures because this would have required a change in position of the animal in order to reach the structures; this movement would have affected the calibration of the magnetic sensors. This lack of complexity could explain the fact that the use of image registered guidance did not shorten the duration of the procedure. To date, transgastric peritoneoscopy with current flexible endoscopic technology has been demonstrated to be inferior to laparoscopy [25] , and the introduction of image registered systems for targeting difficult structures might improve the efficacy of this procedure. Another possible factor could be the expertise of the operator, who had experience with NOTES and was familiar with pig anatomy. In any case, the introduction of sophisticated technology in the laboratory did not have a negative impact on efficiency. Because this system has already been used for guidance of EUS and laparoscopy with very encouraging results, we think that this technology warrants further study (maybe in the mediastinum).
Until now, the majority of studies reported in the literature concerning diagnostic NOTES peritoneoscopy have used the anterior transgastric approach [1, 4, 7, 12, 16, 26, 27] . The alternate access sites evaluated in this study may have important future NOTES applications. The rectum has already been reported to be an efficient point of entry for cholecystectomy [6] . Additional potential applications of transrectal access include all the interventions in the superior abdomen. Posterior gastric access may provide an important platform for procedures that involve retroperitoneal structures such as the pancreas or could complement anterior gastric access for diagnostic applications, such as cancer staging. In our study, the posterior gastric access was the most difficult to achieve, with fewer structures identified and longer median procedure time, but it was also the most secure with only one minor complication. One of the main problems when using an anterior gastric access in pigs is that, because the porcine stomach is not attached to other structures, it turns up easily with insufflation. Therefore, although the incision point appears to be anterior, it is located in the posterior wall, close to the great curvature and the omentum. This makes the entry to the peritoneal space more difficult and time-consuming. Because navigation with our image registered system is based on a 3D reconstruction of pre-operative CT and is not a fully real-time system, changes in the anatomy during endoscopic navigation due to breathing or endoscopic insufflation were not represented in the display in a real-time manner and the use of image registered guidance did not improve the accuracy of the selection of the right incision point in transgastric NOTES procedures. This characteristic could be a limitation when performing more complex surgeries that includes organ removal. However, a new method of registration that uses non-optimized algorithm implementations has recently been developed and has demonstrated that local translation displacements can be easily recovered so that full real operations appears likely [28] . Image registered-guided access substantially reduced but did not completely eliminate the risk of complications. Complications (all minor) were more frequent in unguided NOTES procedures and could be attributed to the blinded access to the peritoneal space through the gastrointestinal wall and the lack of orientation. Bleeding is one of the most serious complications and may occur at any time during surgery, but it is more likely to occur when ac- IR-NOTES, image registered-guided natural orifice transluminal endoscopic surgery; n. s., not significant.
cess is obtained with the endoscopic needle-knife incision of the gut wall. We experienced three episodes of bleeding in the anterior gastric access (one in the IR-NOTES group), and hemostasis was achieved using the coagulation settings of the needle-knife. By contrast, all the complications described in the study by Elmunzer et al. [16] in the group with EUS-guided access procedures were observed in transrectal access. In our study, the use of an image registered system for guidance could not prevent the incision of a small blood vessel because the 3D display did not include the vasculature anatomy of the stomach. However, it is possible to delineate arterial vessels and other structures outside the gastric wall with an image registered system [20] (• " Fig. 4 ).
The solution for this is not as simple as just making a pre-procedure CT and then tracking the instruments, because the insufflation of the stomach to gain a better working space certainly distorts the position of the vessels attached to the outer stomach wall. Further evaluation will be necessary to determine the limitations of the image registration technique in this context. Characteristics of the endoscope tip path (the shape of which correlates with operator expertise) showed a statistically significant improvement in trajectory smoothness of motion for all organs. Previous studies [18, 22] indicate that such differences in performance kinematics are correlated with operator expertise and reduced operator stress, implying that the image registered system assists operators in performing the procedures. The observation that the smoothness of movements was greater when using the image registered guidance was not perceived by the operator. In this case, the operator did not find any differences driving the scope but felt more confident due to the capability of the image registered system to enable gross orientation and navigation. This improvement in smoothness could be more substantial when performing more complex surgeries and might have a potential benefit on the inflammatory response and surgical trauma associated with NOTES procedures [29, 30] . Several technical and design limitations must be addressed. These experiments were conducted in an animal model, with the animal breathing. However, the image registered system capability was more than sufficient for the guidance task because most targets of interest are large. Moreover, porcine anatomy differs quite substantially from that of human beings, making the pig a suboptimal model for determining immediate clinical applicability. Another limitation of the study is the lack of randomization for determining which system was used, and it had an unavoidable learning curve. This study, however, established the Augmented reality effects gained by the virtual endoscopic display provided by image registered-guided natural orifice transluminal endoscopic surgery. In this case, the display shows a view of the bladder while the scope is in the colon. b Endoscopic view of the anatomy shown in a.
The bladder can be visualized beyond the visual feedback provided by the endoscopic camera to avoid any injuries during the access to the peritoneum. A, anterior; P, posterior; R, right.
feasibility of the system and we plan to address randomization issues in future comparative trials. Finally, the major limitation of the study is that it was not conducted on difficult structures, the inclusion of which would have provided more information about targeting during NOTES and could have better demonstrated the actual utility of an image registered system for improving navigation.
In conclusion, the image registered system appears feasible in NOTES and may be superior to conventional NOTES in efficiency and accuracy of probe positioning. Moreover, image registeredguided access might reduce the risk of complications. When considering these results, the image registered system could find utilization in many NOTES procedures and may lead to the development of additional indications for NOTES.
